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Summary
During the development of multicellular organisms, body
growth is controlled at the scale of the organism by the
activityof long-rangesignalingmolecules,mostlyhormones.
These systemic factors coordinate growth between devel-
oping tissues and act as relays to adjust body growth in
response to environmental changes [1]. In target organs,
long-range signals act in concert with tissue-autonomous
ones to regulate the final size of a given tissue. InDrosophila,
the steroid hormone ecdysone plays a dual role: peaks of
secretion promote developmental transitions and matura-
tion, while basal production negatively controls the speed
of growth. The antagonistic action of ecdysone and the con-
served insulin/insulin growth factor (IGF) signaling pathway
regulate systemic growth andmodulate final body size [2, 3].
Here we unravel an unexpected role of bantam microRNA
in controlling body size in Drosophila. Our data unveil that,
in addition to itswell-characterized function inautonomously
inducing tissue growth [4–9], bantam activity in ecdysone-
producing cells promotes systemic growth by repressing
ecdysone release. We also provide evidence that the regula-
tion of ecdysone production by insulin signaling relies on
the repression of bantam activity. These results identify a
molecular mechanism that underlies the crosstalk between
these two hormones and add a new layer of complexity to
the well-characterized role of bantam in growth control.
Results and Discussion
bantam (ban) was the first microRNA (miRNA) characterized in
Drosophila [4] and was identified in gain-of-function screens
for genes promoting organ growth [10, 11]. Further research
in imaginal tissues indicated that ban is an effector of several
signaling pathways during development, namely the Hippo
[6, 7], Notch [5, 12], Dpp [8], and epidermal growth factor
receptor (EGFR) [9] pathways. Thus, ban plays a key role in
regulating growth autonomously. Mutations in the ban locus,
however, affect all tissues and give rise to well-proportioned
animals with an overall reduction in body size [10]. This obser-
vation raises the hypothesis that ban is required also for
growth control at the systemic level.
bantam Activity Is Required in Ecdysone-Producing Cells
to Promote Body Growth
Deletion of the ban locus (banD1) results in pupae with a 50%
reduction in size (Figures 1B and 1E; [4]). These growth defects*Correspondence: marco.milan@irbbarcelona.orgwere caused by impaired growth rates throughout larval
development (Figure 1C). banD1 pupae also exhibited defects
in anterior spiracle eversion (Figure 1B, arrowheads), a pheno-
type generally associated with unusual levels of ecdysone at
the time of metamorphosis. During larval development, ecdy-
sone is synthesized in the prothoracic gland (PG; Figure 1A),
a compartment of the ring gland located on the top of the brain.
In addition to the well-known role of ecdysone in promoting
developmental transitions, which relies on high levels at
particular time points of the life cycle, the basal production
of this hormone negatively controls the speed of growth [2].
This systemic growth-inhibitory action is relayed mainly by
another key endocrine organ, the fat body (FB; Figure 1A),
through the repression of the transcription factor dMyc by
the ecdysone receptor (EcR) [2, 3].
In order to explore whether ban is required in ecdysone-
producing or -sensing cells to induce systemic growth, we
analyzed the capacity of targeted expression of ban in the
ring gland or the FB to rescue the growth defects observed
in banD1 animals. A UAS transgene of ban (UAS-banD; [4]),
containing a 100 nt fragment including the hairpin of ban
and driving its expression in a Gal4-dependent manner, was
used in these assays. Whereas expression in the FB (in
banD1; ppl>banD larvae) produced no changes in the size of
the resulting banD1 pupae (Figure 1E), expression of ban in
the ring gland (in banD1; P0206>banD larvae) largely rescued
pupal size (Figures 1D and 1E) and growth rates of banD1
animals (Figure 1C). Note that the UAS-banD construct does
not contain any endogenous regulatory sequences of ban,
thus indicating that the rescue is not due to leaky endogenous
expression of ban. Developmental timing, measured as the
time to reach metamorphosis, was also delayed in ban
mutants, and these animals showed high larval lethality. Inter-
estingly, both phenotypes were also largely rescued upon tar-
geted expression of ban in the ring gland (see Figures S1A and
S1B available online). These findings unravel a novel role of
ban in the ring gland in promoting systemic growth by modu-
lating larval growth rates.
Targeted Overexpression of bantam in Ecdysone-
Producing Cells Induces Body Overgrowth
To further confirm the systemic growth-promoting role of
ban in ecdysone-producing cells (PG), we performed overex-
pression experiments in otherwise wild-type larvae. Another
UAS transgene (UAS-banA; [4]), containing the endogenous
promoter and primary transcript of ban, was also used in these
experiments. Because the P0206-Gal4 driver is active not only
in the PG but also in the nearby corpora allata (CA; Figure 1A),
which secretes the juvenile hormone, we used a Gal4 line
(Aug21-Gal4) as a control to drive expression specifically in
the CA. P0206>banA and P0206>banD induced a clear pupal
overgrowth phenotype, whereas Aug21>banA and Aug21>
banD did not affect body size (Figures 1F and 1G). Interest-
ingly, the overgrowth observed in P0206>ban animals was
a consequence of enhanced larval growth rates (Figure 1C),
without affecting the timing of metamorphosis (Figure S1D).
When a stronger Gal4 driver (phm-Gal4) was used to
drive greater levels of ban expression in the PG, entry into
Figure 1. bantam Activity in Ecdysone-Producing Cells Promotes Body Growth
(A) Major endocrine compartments involved in regulating larval growth and developmental timing. Inset shows the two endocrine compartments within the
ring gland, the prothoracic gland (PG) and corpora allata (CA). FB, fat body; IPCs, insulin-producing cells.
(B) Representative examples of wild-type and banD1 pupae. Arrowheads point to spiracle eversion defects in banD1 pupae (see also higher magnifications
below).
(C) Growth rates during the third larval instar. Larval volume was monitored in arbitrary units (a.u.). n = 14–53 per data point.
(D) Representative example of a banD1 pupa expressing the UAS-banD transgene in the ring gland (compare with B).
(E) Pupal volume of wild-type, banD1, and banD1mutant animals expressing theUAS-banD transgene in the FB (banD1; ppl>banD) or in the ring gland (banD1;
P0206>banD).
(F) Pupal volume upon overexpression of GFP or ban in the ring gland (with the P0206-Gal4 driver) or only in the CA (with the Aug21-Gal4 driver).UAS-banD
and UAS-banA transgenes were used.
(G) Representative examples of pupae overexpressing GFP or ban in the ring gland.
(H) ban overexpression in the PG under control of the strong phm-Gal4 driver prevents metamorphosis and gives rise to giant larvae.
Error bars in (C), (E), and (F) represent SEM; upper brackets indicate the genotypes compared. *p < 0.05; **p < 0.01. n, number of measurements. See also
Figure S1.
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474metamorphosis was suppressed, and animals kept growing
for days to give rise to giant larvae (Figure 1H). These differen-
tial effects on developmental timing, which depend on the
strength of the Gal4 driver, were already observed when
modulating the activity of the insulin signaling pathway in the
ecdysone-producing compartment [2, 13]. Slight changes in
this pathway with the P0206-Gal4 driver affected growth rates,
but not developmental timing [2], whereas strong changes
induced by the phm-Gal4 driver had an impact on both devel-
opmental timing and final body size [13]. Consistent with these
studies, we can conclude that a mild increase in ban activity
in ecdysone-producing cells (in P0206>ban animals), most
probably close to physiological levels, increases final body
size by modulating growth rates. By contrast, strong overex-
pression of ban (in phm>ban animals) prevents metamor-
phosis. Altogether, these data highlight that ban activity in
the ecdysone-producing compartment promotes systemic
body growth.
bantam Promotes Body Growth by Inhibiting Ecdysone
Production
Because ban and ecdysone affect systemic growth in an
opposite manner, it is likely that ban acts in PG cells by pre-
venting ecdysone production. We measured the circulating
levels of the active form of ecdysone (20E) in P0206>ban
animals at two developmental time points: at the beginning
of the wandering phase (early L3w), and just before the larva/pupa transition (late L3w). To do so, we precisely staged
wandering larvae by monitoring gut clearance of blue food
[14]. As expected, 20E levels were already high in early L3w
(blue gut) control larvae and further peaked in late L3w (clear
gut). In contrast, P0206>ban larvae showed lower circulating
20E levels than controls at both stages, and the amplitude
of the peak was strongly reduced (Figure 2A). Ecdysone
signaling in target tissues was also reduced in late larval devel-
opment upon ban overexpression in the PG (in phm>banD
animals; Figure 2B) as measured by the expression levels of
E75A and Broad-Complex (BR-C), two targets of EcR [15,
16]. Furthermore, the phantom (phm), disembodied (dib), and
shade (sad) genes, which are specifically expressed in the
PG and encode enzymes required for ecdysteroid biosyn-
thesis (reviewed in [17]), showed reduced expression in
phm>ban animals (Figure 2C). Consistent with the reduced
levels of 20E production and signaling in phm>ban larvae, an
increase in 20E levels, produced by feeding the animals ecdy-
sone-supplemented medium, rescued pupa formation (Fig-
ure 2D). These findings indicate that targeted expression of
ban in ecdysone-producing cells has a negative impact on
20E production.
banD1 mutant larvae displayed high lethality in late larval
development (Figure S1). Thus, we assessed ecdysone sig-
naling in these larvae during earlier stages. Two different
developmental points precisely staged with respect to the
transition from second (L2) to third (L3) larval instar were
Figure 2. bantam Inhibits Ecdysone Synthesis
(A) Ecdysteroid titers in wandering third-instar (L3w) larvae expressing GFP or ban in the ring gland, before (early L3w) and after (late L3w) the peak of
ecdysone.
(B and C) Measurements of BR-C and E75A (B) and dib, phm, and sad (C) transcripts levels by qRT-PCR of control and phm>banD wandering third-instar
larvae (late L3w). Fold changes are relative to phm>GFP.
(D) 20E treatment rescues the entry into metamorphosis of phm>banD larvae.
(E and F) Measurements of E75A (E) and dib, phm, and sad (F) transcript levels by qRT-PCR of control and banD1 larvae 2 and 20 hr after ecdysis to the third
instar (AL3E). Fold changes are relative to control.
(G andH) Systemic undergrowth ofbanD1mutants is significantly rescued by simultaneously removing one copy ofEcR (EcRV559fs/+; G) or by knocking down
the ecdysone biosynthesis enzymes Sad and Phm in the ring gland (H). Note in (H) that the effect on body size ismuch greater in banD1mutants than in awild-
type background.
(I) Relative size of the PG at the wandering stage in the different genotypes.
Error bars represent SEM; upper brackets indicate the genotypes compared. *p < 0.05; **p < 0.01. n, number of measurements.
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475selected: 2 hr and 20 hr after ecdysis to the third instar (AL3E).
No changes in the expression ofBR-Cwere detected (data not
shown), most probably because at that time, 20E levels had
not yet reached the minimum threshold to activate this target.
However, the quantification of E75A mRNA levels revealed
higher expression in banD1 larvae when compared to controls
(Figure 2E), as did the quantification of dib, phm, and sad
mRNA levels (Figure 2F). We did not find any predicted ban
target site in the 30 UTR of these genes (data not shown), sug-
gesting that this repression is not direct.
Ecdysone signaling negatively regulates body growth. To
test whether the undergrowth phenotype observed in ban
mutants is a result of abnormally high ecdysone levels, we
reduced whole-mount ecdysone signaling by removing one
copy of EcR (Figure 2G) or impaired ecdysone synthesis by
depleting the levels of Sad and Phm in the PG (Figure 2H)
of banD1 animals. In all cases, the size of banD1 pupae was
largely rescued. Collectively, these results suggest that banparticipates in reducing ecdysone production in PG cells and
corroborate the hypothesis that the systemic growth defects
observed in ban mutants are caused by increased ecdysone
levels. Consistent with the cell-autonomous growth-pro-
moting role of ban [4, 5], the PG was larger in P0206>ban
animals (that produce less ecdysone) than in controls,
whereas it was much smaller in ban mutants (Figure 2I).
Thus, the impact of ban on ecdysone production is not a
consequence of changes in PG size.
Despite displaying higher levels of ecdysone, banD1 mutant
animals reached metamorphosis with a delay (Figure S1A). It
has been reported that a strong reduction in larval growth rates
can affect developmental timing as a result of a delay in the
attainment of critical size for metamorphosis [18]. In order to
address whether banD1 animals are delayed as a consequence
of their reduced growth rates (Figure 1C), we determined, as
a simple proxy of critical size, the time at which the minimal
viable size for metamorphosis was achieved in banD1 mutant
Figure 3. InsulinSignalingPromotesBodyGrowth
by Repressing bantam in the Prothoracic Gland
(A–C) Brain-ring gland complexes from late
second (L2, A), early third (eL3, B), and L3w (C)
larvae carrying the ban sensor (in green).
(D–L) Ring glands from L2 larvae carrying the ban
sensor. The expression of different transgenes in
the PG (E–G) or in the FB (H), leading to increased
insulin signaling, represses ban activity in the PG.
Larvae in (I)–(L) weremaintained on regular food (I)
or regular food supplemented with amino acids
(J–L). The reduction of ban activity on supple-
mented food (J) is rescued by preventing insulin
signaling in the PG (K and L).
(M) Pupal volume upon overexpression of dif-
ferent transgenes in the PG. InR, insulin receptor;
PTEN, phosphatase and tensin homolog.
(N) Modulation of insulin signaling levels in the
PG does not affect body size in a banD1 mutant
background.
(O) Main elements of the InR/phosphatidylinositol
3-kinase (PI3K) pathway.
Error bars represent SEM; upper brackets indicate
the genotypes compared. **p < 0.01. ns, not signif-
icant. n, number of measurements.
See also Figure S2.
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476and wild-type animals. Larvae were synchronized at the
second (L2) to third (L3) instar transition and then starved at
fixed time points to assess survival and capacity to enter
into metamorphosis. Remarkably, banD1 larvae reached the
threshold of 50% of survival with a delay when compared to
wild-type animals (Figure S1C). These data, together with the
fact that targeted expression of ban in the ring gland largely
rescued growth rates and developmental delay of banD1
animals (Figures 1C and S1A), support the proposal that the
developmental delay is at least in part a consequence of
reduced growth rates. Other activities of ban, such as reduced
growth of the imaginal tissues or impaired dendrite develop-
ment, might also affect the timing of metamorphosis [19, 20].Insulin Signaling Represses bantam
in Ecdysone-Producing Cells
The production of ecdysone is tightly
controlled during larval development.
Under normal conditions, ecdysone
levels are low during the growth period,
thereby allowing optimal body growth
rates, and peak at the end of the third-
instar larval stage to induce entry into
metamorphosis. To monitor whether
ban activity levels are also dynamically
regulated in the PG, we made use of
a ban sensor that expresses GFP under
control of a ubiquitously active tubulin
promoter, carries two perfect ban fixa-
tion sites in its 30 UTR, and is therefore
repressed in the presence of the miRNA
([4]; Figure S2A). A control sensor lack-
ing the fixation sites showed high GFP
expression both in early and late larval
PGs (Figures S2B–S2D). ban sensor
levels, however, were low in the PG of
second- and early third-instar larvae
(Figures 3A and 3B) and considerably in-
creased in wandering third-instar larvae(Figure 3C). This observation leads to the proposal that high
ban activity in young larvae contributes to the maintenance
of low ecdysone titers and the promotion of systemic growth,
whereas reduced activity in late PGs contributes to the gener-
ation of the ecdysone peak, the cessation of growth, and entry
into metamorphosis.
What is the upstream signal that regulates ban activity?
The conserved insulin/insulin growth factor (IGF) signaling
pathway (depicted in Figure 3O) directly promotes growth in
target tissues and is the main relay to couple body growth to
nutritional state [21]. In young feeding larvae, insulin signaling
in the PG also promotes the basal production of ecdysone
[2, 13, 22], which in turn inhibits body growth. This buffering
Figure 4. Both Systemic and Tissue-Autonomous Activities of bantamDrive
Organ Growth
(A–C) Wing discs from late L3w larvae of the corresponding genotypes
labeled to visualize Wingless (Wg, red) protein.
(D) Measurement of wing disc area of the different genotypes showing that
growth of the wing imaginal disc is significantly rescued in banD1 mutant
larvae when ban expression is targeted to the PG (banD1; P0206>banD).
Error bars represent SEM; upper brackets indicate the genotypes com-
pared. **p < 0.01. n, number of measurements.
(E) Model depicting the different activities of ban in regulating systemic and
tissue-autonomous growth. FB, fat body; IPCs, insulin-producing cells; PG,
prothoracic gland.
bantam and Systemic Growth
477mechanism, based on the antagonistic action of insulin and
ecdysone, modulates final body size in response to nutritional
changes. Interestingly, ban activity levels were strongly re-
duced in early PGs expressing different transgenes that acti-
vate the insulin pathway (Figures 3E–3G). Increased levels
of circulating Dilp2 also reduced ban activity in early PGs, as
monitored by increased expression of the ban sensor (Fig-
ure 3H). Thus, insulin signaling represses ban activity in ecdy-
sone-producing cells.
Thanks to a nutrient-sensing mechanism in the fat body
[23], the equivalent to the vertebrate liver, food conditions
control the secretion or expression of brain-derived Dilps
[24, 25], which are the main systemic supply of this hormone
during the growth period [24, 26]. Consistent with the repres-
sion caused by increased insulin signaling, young feeding
larvae growing on amino acid-rich medium showed a clear
decrease in ban activity in PG cells (compare Figures 3I
and 3J). This reduction depended on the enhanced activity
of Dilps, because the inhibition of insulin signaling in the PG
was sufficient to restore ban activity to normal levels (Figures
3K and 3L).
In order to address whether ban mediates the action of
insulin in regulating ecdysone production, we performed
genetic interactions in gain- and loss-of-function conditions.
Remarkably, the reduced body size phenotype obtained by
enhanced insulin signaling in the PG via several transgenes
was completely rescued by simultaneously increasing ban
levels in these cells (Figure 3M). Given the fact that this rescue
implies a much greater effect on body size than the overex-
pression of UAS-ban transgene alone, we conclude that the
effects of ban and insulin signaling are not additive but rather
epistatic. This conclusion is further supported by the observa-
tion that modulation of insulin signaling in the PG no longer
affected body size in a banD1 mutant background (Figure 3N).
Altogether, these results indicate that the regulation of ecdy-
sone production by insulin signaling relies on the modulation
of ban activity in PG cells.
The Systemic Activity of bantam Is Required for Growth of
Imaginal Tissues
So far, our results unravel a novel role of ban in promoting
larval body growth by reducing ecdysone production. In
contrast, ban was initially identified by its capacity to induce
organ growth in a cell-autonomous manner [4, 5]. That finding
prompted us to explore the contribution of the systemic and
cell-autonomous activities of ban to organ growth. The imag-
inal discs of Drosophila are epithelial sacs that grow in feeding
larvae to give rise after metamorphosis to the ectodermal
structures of the adult flies, such as legs, wings, or eyes. In
banD1 mutant larvae, the size of the wing imaginal discs
was strongly reduced when compared to control animals
(Figures 4A, 4B, and 4D). We found that targeted expression
of ban in the PG partially rescued the wing growth defects
observed in banmutant larvae (Figures 4C and 4D). This result
supports the proposal that both the systemic and cell-autono-
mous activities of ban are required to promote organ growth
(Figure 4E).
Concluding Remarks
In conclusion, our results establish that ban promotes sys-
temic growth by inhibiting the synthesis of the steroid
hormone ecdysone. During the growth period, ban mediates
the insulin-dependent regulation of ecdysone production
and therefore acts as a buffering mechanism to adjust finalbody size in response to nutrient availability. Such a crosstalk
between insulin and steroid hormones and its impact on the
modulation of growth and developmental decisions are also
observed in Caenorhabditis elegans [27]. Depending on envi-
ronmental conditions, the juvenile form of C. elegans either
enters maturation to give rise to an adult worm or arrests
development to form a dauer larva, a state that is specifically
adapted for survival [28]. This decision is determined by the
levels of the steroid hormone dafachronic acid (DA) [29]. Muta-
tions that enhance insulin signaling, therebymimicking a favor-
able environment, increase DA levels and cause animals to
become incapable of forming dauer larvae [30]. Remarkably,
the deletion of ban orthologs in C. elegans (the mir-58 family)
causes severe growth defects and prevents entry into the
dauer state under environmental stress [31]. On the basis of
these observations, we propose that the role of ban in prevent-
ing the production of steroid hormones in function of insulin
and nutrient levels might be conserved in other organisms in
order to regulate body growth and maturation.Supplemental Information
Supplemental Information includes two figures and Supplemental Experi-
mental Procedures and can be found with this article online at http://dx.
doi.org/10.1016/j.cub.2013.01.072.
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